When healthy human subjects ingest a diet deficient in potassium but not in calories and protein, the daily loss of potassium in the urine progressively decreases (1) (2) (3) (4) (5) (6) (7) . Since the daily urinary loss often continues to exceed the daily intake (2, 3, 6) , prompt and effective renal conservation of potassium has been questioned. Furthermore, the fecal excretion of the ion has been found to exceed the intake when the latter is low (2) . But these studies do not indicate to what level the intake of potassium must fall before the renal excretion and the fecal excretion consistently exceed the intake and lead to a progressive deficit of the ion. Nor do these studies completely define the conditioning effects of intakes of other major ions on the excretion of potassium during varying degrees of potassium deprivation.
The aim of this paper is to report quantitative data describing the loss of potassium in the urine and feces of human subjects while ingesting low potassium diets and to discuss certain metabolic corollaries of the loss of potassium in urine and feces relevant to the physiological regulation of potassium excretion.
EXPERIMENTAL PROCEDURE AND METHODS
Human subjects. Fourteen balance studies were done in 11 volunteer male subjects (nine medical students and the authors). By the criteria of the medical history and physical examination every subject appeared to be in good health. However, Subject T. C. was subsequently shown by roentgen examination to have an asymptomatic duodenal ulcer.
The study design. The basic study plan consisted of a control period lasting three to eight days, and a potassium depletion period lasting six to 21 days. The duration of each study largely depended upon how long the subject could remain on the Metabolic Unit or tolerate the dietary restriction. During the control period a measured "normal diet" was ingested. Potassium depletion was studied at three levels of potassium intake: 25 to 27 mEq. per day, 14 to 16 mEq. per day, and less than 1 mEq. per day.
Experiments were designed to study, in the depletion period, the effect on urinary and fecal potassium loss of: 1) a normal or high sodium intake throughout the entire study; 2) ingestion of sodium and potassium with chloride or with chloride and bicarbonate in a ratio of 3:1; 3) a low intake of 14 mEq. of sodium per day during the depletion period; and 4) progressively increasing oral doses of KC1 to more than 300 mEq. per day in the control period.
The renal conservation of potassium and sodium was compared in separate studies in which the intake of either ion averaged 15 mEq. per day.
Potassium skin loss was not measured in our subjects; such loss of potassium during normal potassium intakes amounts to about 4 mEq. per day (8, 9) . No correction for skin loss was made., Subjects were allowed normal activity in the hospital and medical school during the cool fall and winter months. Studies conducted during the warm spring and summer months took place in the air-conditioned Metabolic Unit or air-conditioned portions of the hospital. Balance periods lasted 24 hours, starting at 7 a.m. The subject was awakened at that time and voided urine immediately. He was then weighed, and blood was drawn. He was then given breakfast.
Urine and stool collection. Urine was voided into a screw-capped, wide-mouthed jar large enough to hold the 24 hour specimen, as well as a measured constant amount of mineral oil and chloroform or toluol. Urine was refrigerated between voidings. Feces were collected for periods from two to eight days according to the study plan. They were passed directly into tared, wax-impregnated cardboard containers which were kept covered and refrigerated when not in use.
The stools in the depletion periods of Subjects L. P., H. F., E. H.,, E. H.2, R. S., and R. S.2 were demarcated with either barium sulfate or charcoal.
RENAL CONSERVATION IN EXPERIMENTAL POTASSIUM DEPLETION
A stool-marking agent, charcoal or carmine, was given to Subjects R. A., J. B., J. D., C. P. and J. M. on their arrival on the Metabolic Unit; stool preceding this marker was discarded. The ends of the control period and the depletion period were likewise marked. Two to six day intervals were also marked during the control and depletion periods in some studies. Stool data from only these subjects were used in estimating the daily decline of the measured constituents.
Blood was drawn with minimal stasis and clotting took place under oil at room temperature. Serum was separated anaerobically.
Dietary procedure. Water was allowed ad libitum and the amount drunk each day was recorded. Subjects ingested all the food given; when possible, food was eaten from the container in which it was prepared so that the juices and small fragments of food could be completely ingested. Metabolic diets were made up from the following food sources: 1) weighed portions of previously analyzed foodstuff; 2) commercial dialyzed milk preparations [Theralac®, Lonalac® (Mead Johnson formula L.P. 412)],' and fresh whole homogenized milk passed through a monobed ion exchange resin column (Amberlite MB-3)2; 3) lactose; 4) the addition of measured quantities of NaHCOa, NaCl, KCI, Ca lactate and NH CI when needed as supplements; and 5) multivitamin supplements.
Subjects on diets containing about 25 mEq. potassium per day were given diets containing solid food. Those on lower potassium intakes consumed whole milk, lactose and vitamin supplemented diets. The total calories ingested were kept constant throughout each study. In a few cases nitrogen intake was reduced during the depletion period.
Specific methods, chemical determinations and calculations
Diet. Samples of homogenized, whole 24 hour diets were analyzed as well as individual samples of the foodstuff comprising this diet. Whole diet analysis was carried out periodically as a check on the summing of previous food analytical values. Agreement was satisfactory for Na, K and N; Cl was somewhat variable. Diets consisting only of treated whole milk were analyzed daily.
Foods were prepared for analysis by nitric acid digestion (10), except for samples analyzed for total nitrogen by the macro-Kjeldahl method.
Chemical determinations. Sodium and potassium were determined by means of a Barclay internal standard flame photometer by the method of Wallace, Holliday, Cushman and Elkinton (10) , serum chloride by the method of Franco and Klein (11) and urine chloride by the method of Harvey as described by Peters and Van Slyke (12 (15) . Nitrogen was determined by the macroKjeldahl method (12) . Finger blood pH and carbon dioxide content were determined by the method of Singer and Hastings (16) .
Metabolic calculations, with the few exceptions noted in the Results, were performed as previously described (17) .
RESULTS
The observed data are recorded in Tables I  to VIII. Renal potassium excretion during the potassium depletion period The daily rate of renal potassium excretion on a given day varied with the level of oral sodium intake in the depletion period and with the difference between the oral potassium intake in the control and depletion periods. Higher than normal levels of oral sodium intake tended to increase the rate of potassium excretion and lower than normal oral sodium intake may have reduced the rate of renal potassium excretion during the potassium depletion period. When the oral potassium intake was raised to three or four times the normal level during the control period the rate of renal potassium excretion was initially increased in the depletion period.
The lower the oral potassium intake during depletion the lower the daily urinary potassium content. However, the urinary potassium loss continued to be greater than the oral potassium intake when the intake fell below 14 mEq. per day for up to 21 days in one study.
1. Subjects on normal intakes of sodium (130 mEq. per day). In the two subjects ingesting 25 to 30 mEq. of potassium per day (Subjects T. C. and C. P.,), the daily rate of urinary excretion of this ion, UVK, fell to a level equivalent to the intake in four to seven days. In the two different experiments on the same subject (E. Figure 1 ). 4 . High potassium diet during the control period. In two subjects, D. S. and L. P. (Figure 1 Tables I through  IV where the daily range of variation is not given for the mineral constituents, the content in the milk of the diet was too small for accurate analysis; therefore, the amount of the substance added to the diet was virtually the total amount ingested. Where no variation is given for the fluid volume, the daily intake was constant for that period. per day intake, C. P.2 and R. A. (Tables I and The excretion of creatinine showed no signifi-III), the nitrogen excretion decreased in relation cant trend during the experiments.
to the nitrogen intake.
The sum of the equivalents of titratable acid and ammonium ion excreted by the kidney per 24 hours depended upon whether the subject had a portion of the total cations ingested with bicarbonate ions or almost entirely with chloride ions. In Subjects C. P.2 and R. A., where the total cations ingested were associated almost entirely with chloride ions, the excretion of titratable acid plus ammonium ions was increased during the control periods and decreased during the potassium depletion periods (Tables I and III, Figure  3) . In Subjects J. D. and J. B., where the total cations ingested were associated with bicarbonate and chloride ions in a ratio of 1: 3, there was no consistent change in titratable acidity plus ammonium ion excretion during either the control or depletion periods (Tables II and IV, Figure 3 ).
Both the titratable acid and ammonia increased in the urine during the control periods when bicarbonate was not added to the diet, Subjects C. P.2 and R. A. (Figure 3 ). But in all four subjects the daily excretion of titratable acid decreased and urinary pH rose in the depletion period.
The urinary carbon dioxide and bicarbonate increased during the potassium depletion in Subject C. P.2 (Table I) .
Fecal excretion
These data from the subjects ingesting less than 1 mEq. potassium per day are presented in Table V .
The percentage of stool solids per stool collection period remained fairly constant for each individual except one (J. B.); there was, however, a wide variation in solids among the various subjects (8 to 34 per cent). The grams of nitrogen per 100 Gm. stool solids increased in three of these subjects and decreased in one. Urinary pH rose and titratable acidity decreased during the depletion period in all subjects; excretion of ammonium ion was either unchanged or increased.
of potassium per unit stool solids (mEq. per 100 Gm.) decreased in every subject; nevertheless, the fecal loss of this ion accounted for from 11 to 59 per cent of the total loss in these subjects on the very low intake of potassium (Table VI) . The amount of sodium per unit stool solids was increased in three of the four subjects and was unchanged in the other; this increase in stool sodium was not related to an increase in oral intake of the ion. There was no remarkable or consistent change in the fecal chloride excretion among the various subjects.
Total balances of electrolytes and nitrogen
These data are presented in Table VII. 1. Potassium. On normal intakes of sodium during the depletion period the negative balance of potassium tended to become greater the lower the level of potassium intake. When compared at the end of seven days of potassium depletion, Subject C. P., lost 66 and Subject T. C. 165 mEq.
of potassium while ingesting between 25 and 30 mEq. potassium per day; Subject E. H. ingesting approximately 14 mEq. of potassium per day lost 235 and 189 mEq. potassium during two separate studies; and at the lowest level of intake, less than 1 mEq. potassium per day, Subject C. P.2 lost 260 and Subject J. D. lost 192 mEq. of potassium. The largest negative potassium balance, -502 mEq., was in one of the subjects in the last group, C. P.2, who was maintained on less than 1 mEq. per day for three weeks. For the entire 26 days of the study in this patient the total potassium balance was -6.5 mEq. per Kg. of body weight; the balance of potassium "in excess of nitrogen" was -4.5 mEq. per Kg.
High intake of potassium in the control period led to a greater loss during the depletion period in both Subjects D. S. and L. P., but resulted in a greater final depletion only in L. P. since in D. S. potassium was retained initially in the control period.
2. Sodium. The sodium balances were positive consistently during the depletion periods except when the sodium intake was restricted to 14 mEq. per day.
3. Chloride. The chloride balance tended to be positive when the balance of sodium was strongly positive. The balance of chloride was most accurately determined in the subjects on the diet of resin-treated milk containing less than 1 mEq. per day of K. This was due to the fact that the resin treatment removed virtually all of the chloride: The amount of chloride put in the milk diet could be more accurately measured than that in the natural foodstuffs.
4. Nitrogen. Urinary nitrogen excretion for the most part reflected the nitrogen intake; however, in Subjects C. P. and R. A. (Tables I and  III , respectively) the UVN appeared to decline somewhat. This observation could not be accounted for by a decrease in nitrogen intake. 
Concentrations of electrolytes in serum
The concentration of potassium in serum fell progressively during the depletion period in all experiments, reaching the lowest value of 2.8 mEq. per L. in the subject on the lowest intake of K for the longest period, C. P.2 (Table VIII) . There were no apparent trends in the daily serum concentrations of sodium, chloride or creatinine. The venous CO2 content rose slightly in Subjects C. P.2 and R. A. but remained within normal limits.
A cid-base changes in "arterialized" finger capillary blood Periodic samples of "arterialized" finger capillary blood showed no major changes in the whole blood pH, CO2 content or "buffer base" (Table VI II) . DISCUSSION Our data indicate that subjects ingesting an adequate diet containing at least 25 mEq. of potassium per day are unlikely to develop potassium depletion greater than 250 mEq. as the result of urinary potassium loss alone. This is probably also true for intakes of 14 mEq. per day. At both levels of intake the urinary potassium daily loss had reached or almost reached the intake levels within the duration of these studies (Figure 1 ). At the extremely low intake of 1 mEq. per day, however, the decline in the urinary loss was very slow in the last five days of a 21 day study (C. P.2) as shown in Figure 4 . Therefore, under the circumstance of prolonged and practically complete deprivation of potassium, the urinary loss, while not more than about 3 mEq. above the intake, could reasonably be expected to continue to add significantly to the deficit of the ion.
In the first day of depletion, however, the drop in potassium intake is a more significant factor in determining the contribution of the urinary potassium loss to the depletion. Those subjects loaded with potassium during the control period, At least three exponential rates may be derived from the curve describing the daily urinary potassium excretion during potassium depletion (Subject C. P. lates well with the estimated instantaneous rate of decline in urinary potassium at the end of the first day. This correlation becomes less certain at the end of the fourth depletion day and probably disappears by the end of the seventh day.
The decline in the urinary potassium content in the first three days of depletion was roughly comparable to that observed by Black and Milne (2) on similar potassium intakes.' However, the curve for urinary potassium could not be described by a single exponential function, as in their study. An analysis of the curve for the subject depleted for the longest period, C. P.2, 21 days, showed that it could be reasonably well described as the sum of three exponential functions ( Figure 4 ). This analysis does not necessarily imply the identification of three physiological functions in the body which determine urinary potassium content under the circumstances of the study, but it does serve as a convenient way to describe the shape of the curve.
The rate of renal potassium conservation was slower than that for sodium, as previously described (2) . The improvement in potassium conservation during a simultaneous reduction in sodium intake is certainly small, if significant at all ( Figure 2 , curves A-A' and B-B'). Sodium, however, appears to be conserved much more effectively during a simultaneous reduction in potassium intake ( Figure 2 , curves C-C' and D-D'). These curves emphasize the greater effectiveness of renal conservation of sodium as compared to that for potassium.
No other attempts were made to study changes 3Black and Milne (2) measured the rate at which potassium conservation becomes effective by evaluating a in the following expression: Qt = Qo X eat in which Qt is the potassium output on day t, and Qo is the initial potassium output. This equation for the data of Black and Milne is:
This equation for Subjects J. B. and R. A. is:
The value of a obtained for our subjects indicates a more rapid rate of potassium conservation compared to those of Black and Milne. This difference may not be significant. The aK of 0.414 obtained for our studies corresponds more closely to the aNa of 0.44 obtained by Black and Milne from a sodium conservation study (2) . of the urinary potassium excretion for the last three days of the control period, UVKc, minus the potassium intake during the depletion period, Id. The quantity UVKc-Id is taken as an index of the change in potassium load between the control and the depletion periods. The differential d (day) was derived by differentiation of exponential curves fitted to the data of daily urinary potassium loss as in Figure 4 . Any correlation existing between these two variables becomes less apparent the farther along in the depletion period the observation is made.
in renal function which might follow potassium depletion. Whatever impairment of concentrating power and resulting polyuria might have been found as described so well in rat studies by Hollander and associates (18) was obscured by the large fluid intakes required by the study Although no direct information is provided by these studies on mechanisms regulating the loss of potassium in stools during reduced potassium intake, these data emphasize how important this route of loss was in the absence of diarrhea. Despite a tendency for conservation of potassium in the gut as well as in the kidney, the daily loss of between 2 and 25 mEq. of potassium in stools made stool loss a very substantial fraction of the total loss (Table VI) . In Subject C. P.2, for example, daily stool loss was about 10 mEq. when urinary potassium was only about 5 mEq. per day. A marked increase in the fluidity of the stool is associated with an increase in stool potassium content (19) . In each subject there was little variation in the percentage of stool solids, but there was a considerable variation among subjects (Table V) . This variation was not related, though, to the potassium content of these nondiarrheal stools and one can only conclude that a wide variation of stool potassium content can exist independently of fluidity in normal subjects.
Studies of Gardner, MacLachlan, Terry, McArthur and Butler (20) show that potassium deficiency may increase fecal loss of chloride in rats. Our human subjects did not show this phenomenon, but it must be conceded that the degree of their depletions were much smaller relative to body weight than were those of the rats. Perhaps the most surprising finding was the very modest degree of metabolic alkalosis which developed in any of these studies. The subject, C showed not even a tendency toward metabolic alkalosis. The authors conclude that human subjects must show a great variability in susceptibility to metabolic alkalosis in the presence of a pure potassium depletion and agree with Moore and co-workers (21) that sodium loads must play a very significant part in the appearance of the alkalosis. A subsequent paper discusses the acid-base problem in experimental potassium depletion in greater detail (22) .
A final comment must be made on the failure of the arterialized cutaneous blood total CO2 values to parallel the venous serum CO2 in Subjects C. P.2 and R. A. (Table VIII) . The authors do not believe that technical errors account for this failure but the only explanation they can offer is a speculative one. The red cell, in potassium depletion, may show a replacement of potassium lost by a sodium gain (23) like that shown by skeletal muscle (24) . Gardner, MacLachlan and Berman have shown that this change in skeletal muscle composition is accompanied by a decrease in bicarbonate content (25) . If a like change in red cell bicarbonate took place in the subjects under discussion, these decreases could have cancelled out or masked the rises in serum C02, inasmuch as the cutaneous blood analyses were done on whole blood.
SUMMARY AND CONCLUSIONS
Fourteen balance studies were done on 11 normal male subjects depleted of potassium by dietary deprivation of the ion. The basic study plan consisted of a control period lasting three to eight days and a succeeding depletion period lasting 6 to 21 days during which the potassium intake was set at one of three levels: 25 to 27, 14 to 16 or <1 mEq. per day. During the depletion period the effects of the following diet programs on the urinary and fecal potassium loss were observed: 1) ingestion of a greatly augmented sodium intake through the entire study; 2) ingestion of sodium and potassium entirely with chloride or with chloride and bicarbonate in a ratio of 3 :1; 3) ingestion of a low intake of sodium of 14 mEq. per day during the control period; and 4) ingestion of a high intake of potassium in excess of 300 mEq. per day during the control period.
The rate of urinary excretion of potassium: 1) during the first few days of depletion varied directly with the difference between the urinary potassium of the control period and the potassium intake in the depletion period; 2) varied directly with the level of potassium intake throughout the depletion period; but 3) clearly exceeded the intake when the latter was 1 mEq. or less per day; 4) declined at two or more exponential rates when the potassium intake was <1 mEq. per day; 5) was increased by sodium loading at the lowest level of potassium intake; and 6) was not affected by the association of chloride alone versus chloride plus bicarbonate with the total cation ingested.
Fecal potassium accounted for 11 to 59 per cent of the total loss of potassium when the intake of potassium was less than 1 mEq. per day. Cumulative negative balances of potassium varied with level of intake and duration of study reaching a maximum of -502 mEq. or 6.4 mEq. per Kg. in one subject on less than 1 mEq. per day for 21 days.
The rate of urinary excretion of sodium on a low sodium intake was diminished when the concomitant potassium intake was low. The rate of excretion of titratable acid plus ammonium ion remained essentially unchanged or decreased slightly during potassium depletion and the urine pH rose. Urinary total CO2 and bicarbonate increased in the one subject in which it was measured and the calculated total excretion of hydrogen diminished relative to dietary intake.
Metabolic alkalosis was an inconstant finding and when present was of a minor degree.
It is concluded: 1) that the degree of renal conservation of potassium a) is related to the degree of change in intake of the ion from predeprivation levels and to the duration of the deprivation, b) is diminished by an increased intake of sodium, and c) is less efficient than the renal conservation of sodium under conditions of comparable deprivation of the respective ions; 2) that with prolonged deprivation of potassium the fecal loss of the ion, though absolutely decreasing, becomes a progressively larger factor in the development of the negative potassium balance; and 3) that a marked degree of extracellular metabolic alkalosis is not an obligatory accompaniment to potassium depletion of the normal human subject.
